Abstract: Currently many patients with brain/spinal cord/sport injuries or stroke, are confined to wheelchairs which results in many secondary conditions. Locomotor training attempts to encourage the patient to undertake walking exercises but the physical effort is such that there is poor compliance, as it requires a highly intensive and task-specific therapy approach. Powered Locomotor trainers aim to promote motor recovery, reducing this effort to a tolerable level encouraging higher levels of exercise, improved secondary health care and to obtain a better understanding of human motor walking gait. This paper will address the development and control of a lower limb exoskeleton for active assistive walking.
INTRODUCTION
Advanced Robotics includes many fields and areas, like rehabilitation or prosthetics that emerged during the 1990s for human performance augmentation and assistive walking training, representing nowadays one of the most interesting, challenging and complex areas of research.
Currently many patients who suffer from stroke, brain or sports injuries and spinal damage are confined to wheelchairs. This can cause a variety of secondary problems including; contractures, pressure sores, bowl infections, osteoporosis, and kidney infections. In addition the sedentary lifestyle in many cases causes the patient to become dependant on a carer (NHS-UK, 2002) .
Locomotor training following neurological injury has been shown by many studies to have therapeutic benefits, but treatment relies on physiotherapy procedures which by their very nature are extremely labour intensive requiring high levels of one to one attention from highly skilled medical personnel. At the same time these training and rehabiliation activities place extreme physical strain on the patient and the effort required by the patient leads to low levels of compliance. All this must be achieved in an environment in which there is a global shortage of staff with appropriate training (NHS Audit Commission, 2002) One alternative to manual locomotor training is the use of powered limb orthoses to provide mechanical assistance during walking. Two approaches to the development of powered locomotor training have been evolved. i). Functional Electrical Stimulation Hybrid orthoses have been linked to functional electrical stimulation (F.E.S) in an approach where the muscles of the patient's leg are externally stimulated to generate the motions with support provided by an orthosis . Steady progress is being made using this technique but unfortunately, there are unwanted side effects. In particular there are issues with skin irritation (which can be addressed) and fatigue since the technique can require more than 9 times the energy consumption of "normal" walking due to over stimulation of anatomical muscle groups and the subsequent unsuitably high torque production (Clinkingbeard et al., 1964) . The high energy/effort required by the patients in all the current rehabilitation options means that compliance is low.
ii). Externally Powered Orthosis. In this approach, the orthosis is externally powered using electrical drives. A number of recent devices have been developed with this approach which is designed primarily for hospital based rehabilitation. Lokomat is a 4 dof per leg treadmill based system while the Fraunhofer walker provides 3 dof per leg in a crank slider motion with rotation for the ankle ( Van der Loos, 2004) .
These externally powered devices have achieved some success but the nature of the interaction between the patient and the user is critical and although there are a variety of safety features within the designs of each of the systems there are safety and dependability concerns. This should extend beyond monitoring systems and should form part of the design philosophy. In particular, where humans and mechanical systems operate in close proximity there is a need to provide drive systems that combine the positive attributes of conventional actuator design with a 'softer', safer "biological" and natural muscle comparable interaction capacity.
Fig.1. Author Wearing the Lower Body Exoskeleton
Knowing that the one, who wants to relearn walking, has to walk, this paper presents the implemented main control modes for task-specific therapy based approach. This exoskeleton intelligent assistive training device shows how the "soft interaction" but strong and lightweight pMAs can emulate much of the action of natural muscle and integrated into a mechanical/kinematic structure. The paper will finally draw conclusions based on this work and suggest a path for the future.
PMAS ACTUATORS/HUMAN MUSCLE
Actuators and actuation systems are essential critical parts to all robotic structures providing the forces, torques and mechanical motions needed to move the joints, limbs or body. Their performance is usually characterized by parameters such as power (particularly power/weight and power/volume ratios), strength, response rate, physical size, cost, speed of motion, reliability, controllability and compliance. Within humans and by replication in this exoskeleton all joint motion is achieved by producing appropriate antagonistic torques since the pMAs is only capable of generating a pulling force when it contracts axially during the expansion constrained by the outer layer. In the human this is transmitted through tendons to the joint lever while in here the power is distributed through cables and pulleys driven by pMAs. The original concept was developed by McKibben for prosthetic applications in the 1950's but it fell into disuse because of the complexity of control, the need for a compressed air supply and the relative ease of use of electrically powered prosthesis controlled by myoelectric signals has lead to their replacement (Schulte, 1961) . These actuators have characteristics that are well suited to both robot motion systems and particularly human robot interaction. On the other hand, the pneumatic Muscle Actuator has a number of important desirable characteristics: muscles can be produced in a range of lengths and diameters and are simple to manufacture; have an extremely high power/weight ratio; contract by 30-35% of their dilated length, depending upon construction; 'Soft' construction and finite maximum contraction making it safe for human-machine interaction; Muscles can be controlled to a displacement accuracy of 1% and can have a bandwidth of 5Hz when operating antagonistically and if compared with natural muscle provide up to 10 times more force for a similar cross-sectional area. Fig.2. Torque transmission using antagonistic pair This figure represents the typical joint control scheme using two pMAs in antagonistic scheme, each working in opposition to control the position of the joint and thus, effectively providing constraints in rotation. The detailed construction, operation, analysis and performance comparison to the Natural Muscle can be found in and Chou et al, 1996 . Although the underlying mechanisms of operation are very different, the pMA can in most instances equal the natural behaviours of the muscle while possessing excellent 'engineering' power, endurance and robustness. Having noted that pMA has the inherent capacity to modulate compliance/impedance and potential to produce a biologically inspired actuator, combining many, if not all the best features of natural and technological science so far, the next stage was how to incorporate these actuators into a lower body exoskeleton prototype.
MECHANICAL STRUCTURE DESIGN
The mechanical structure used to form an exoskeleton to assist those with paralysis or muscle wastage consists of a of 10 Degrees of Freedom mechanism, with only 8DoF currently controlled, corresponding to the fundamental natural motion and range of the human legs from the hip to the ankle but excluding the less significant movements. The hip structure has 3 DoF in total (flexion/extension, abduction-adduction and lateral-medial rotation, but the last one being no co-axial was not controlled), 1 DoF at the knee permitting flexion/extension of the lower leg and 1 DoF at ankle (dorsiflexion /plantar flexion). Fig.3 . Average mass in Kg and centre of gravity of limbs and joint coordinates conventions The legs structure is constructed primarily from aluminium, with joint sections fabricated in steel, using precision mechanics. The leg is mounted onto a moulded lower body brace which is light, low cost and comfortable while providing a stable platform. The leg and the brace were constructed for use by a NASA 'typical average adult' USAF personnel (figure 3 left), without major changes to the set-up, although leg link length changes can easily be adjusted up-to ±80mm, if necessary.
The total weight of the exoskeleton (not optimized) consisting of the both legs and rigid spine is currently less than 12kg fully assembled. As with electrical systems it must be recognised that currently this mass does not include the power source. Computational requirements are not severe and microcontroller operation is possible.
The compact actuator structure allows for integration as close as possible to their respective powered joints. The ankle actuators (two actuators) and the lower leg flexion/extension actuator (two actuators) are mounted on the side. The knee actuators (two actuators) and the leg hip flexion/extension (two actuators) are mounted on the thigh side while the hip abduction/adduction actuators (four actuators if we include the internal/external rotation) are mounted on the body brace pack behind the operator's back. Each antagonistic scheme includes a high linearity potentiometer for position sensing and an integral pulley strain gauge torque sensor. The muscles used in this project have a diameter of 3cm, with an 'at rest' length of 35cm and 60cm. 
PMAS MODEL AND CONTROL
In figure 2 , the pMAs are modelled as pure springs with variable stiffness K d1 , K d2 . For an angle θ the forces developed by the actuators are given by Tsagarakis et al., 2003 and Davis et al., 2003) :
(1) To achieve the maximum controllable range of motion, a has been set equal to the half of the maximum displacement. At any time the torque developed is given by: The command pressure for the muscles at each cycle are given by:
Where P Δ is computed using a PID control law
is the joint torque error, max P is the maximum pressure within the pneumatic muscle actuators and d τ is set to be equal to the optimal state feedback. Therefore the torque developed by the muscle becomes:
The joint torque data is provided from the integrated strain gauge joint torque sensor present at each joint.
EXOSKELETON 3D MODEL
Kinematics is the modeling of the spatial relation-ships between positions, velocities and accelerations of the structure links of a manipulator, described here in terms the standard Denavit-Hartenberg (DH) parameters. Figure 7 shows the assignment with link parameters of coordi-nate frames to mechanical links in zero position. In static consideration the same transformation is used to relate the external force and moments applying at the end-effector to the torques at the joints. These previous statements can be algebraically expressed using the following equations .
Considering a generic exoskeleton legs with n degrees of freedom, as previously described J is the exoskeleton Jacobian, The Jacobian formulated here can now be used to calculate the necessary hip, knee and ankle joint torques in order to "reflect " a specified external momentum or load generated at any single point between hip and knee, ankle or foot using the following equation:
As previously noted, special care must be taken in order to ensure that the vector of the external load (both force and moment) has been expressed with respect to the same reference frame as the Jacobian for the validity of computed values. For the exoskeleton legs case, this reference frame is the base frame (frame 0). Many control schemes require the inverse of the Jacobian. At a kinematic singularity the Jacobian becomes singular, and such simple control techniques will fail. There is a constraint in knee joint, such that it can move only forward, which solves the singularity problem.
Manipulator rigid-body dynamics
Robot dynamics is concerned with the equations of motion, the way in which the robot moves in response to torques applied by the actuators, or external forces. An impedance control scheme was employed for the overall rehabilitation/training exoskeletal system. The following equations of motion describe the dynamic behaviour of the exoskeleton for an n-axis are given below. (The impact of the swing leg is assumed to be perfectly inelastic while ensuring that no slippage occurs. Moreover, a physical realisability of motion implies that the foot can't push on the ground. The dynamic equations for the five link biped during a single-support phase are of the form: The above equation can be used to describe the interaction between human user and the exoskeleton.
SYSTEM CONTROLLE & INTERFACE
Eight port 2/2 pneumatically Matrix valves (weighing less than 300g with 45mm x 55mm x 55mm) are used to control the air flow are used within this design and mounted at the base of the spine. These valves can be driven and controlled at up to 200Hz using a PWM signal (Costa et al., 2001 ). This provides rapid, smooth motion. Development and adjustment of a controller and details of the design can be found in. Closed loop controller is achieved pulsing the valves along with data collection from the position, pressure or torque sensors, to an I/O, ADC dedicated microcontrollers outputs (Atmel ATMEGA8 - Fig.8 . The external PC is only required to store data collected under normal conditions. Every valve microcontroller board consists of two microcontrollers, which allows to board handle two muscle pairs/joints. Each antagonistic pair is controlled by three PID controllers (two low-level for pressure and one higherlevel for position/torque) on all the joints, figure 9 . As the muscles operate in pairs the value provided by the controllers is added to one of the muscles and subtracted from its antagonist counterpart.
The MCUs are connected through a serial data bus to central controller or HUB. The hub consist one microcontroller Atmel ATMEGA128 with 2functions.
Firstly the hub coordinates all valve control units and feed them with self-generated data which are based on the exoskeleton operating mode. Secondly the hub should be used only as the interface between PC and the valve controllers. In this case all inputs are generated by the PC. Communication between the hub and PC is completely wireless making use of new BlueTooth technology. PC based interface and data operation software was developed in Matlab simulink using real time functions. 
EXPERIMENTAL TESTING RESULTS
A chirp signal ( Fig.10 A B ) with different amplitudes and frequencies was used to evaluate the closed loop frequency response of each joint. The purpose of these tests was to draw conclusions on the feasibility of using the exoskeleton for physiotherapy, rehabilitation and training. For each joint the amplitude was set to ±12º and ±25º with frequency range swiping from 0..4Hz in 100ms steps over a specified period of t=180s. The frequency was reduced to 1.5Hz on the knee/hip (t=90s) and when links were loaded with the human limbs normal weight (as shown in Fig.3) , it was reduced to 1Hz at the hip. Figure 10A exhibits the antagonistic muscle efforts and B illustrates how well the implemented closed loop control scheme is able to track the reference and compensate for the actuator response shortcomings. The Transfer Function Estimate (TFE) was computed by averaging several cross powered spectral densities and using a suitable Kaiser window to reduce the impact of leakage, with the overlapping sample points from section to section half of the defined for the Kaiser averaging window. In parallel, to have an estimate on the precision how good the TFE was, a coherence function was used. This coherence is a function of frequency with values between 0 and 1, that indicate how well the input corresponds to the output at each frequency (Fig.10C) were we can see that inside the excitation frequencies the TFE is very accurate (over 0.6). These were implemented in Matlab (considering 30Hz sampling frequency), to all joints under different testing conditions: amplitudes, time, frequency range and stiffness. Experimental results revealed on previous figures shows a phase lag which follows a characteristic profile typical of a 1 st order system. Nyquist frequency is half of the sampling frequency, as showed on all X-axis. To avoid affecting and disturbing the results all DC sensor levels were removed with a "dtrend" Matlab function, so they are around 0 in average. The smallest frequency we can measure depends on how good the excitation signals were and how the tests were carried out.
The current performance is less than would be acceptable for an full power knee prosthetic limb, however, ongoing prototype updates and research suggests that this can be increased by several hundred percent and this will form part of future developments, some of them already being implemented at present for this system. Overall response, muscle efforts, ability to handle load disturbances, human gait system-tracking/guiding capabilities achieved with a healthy individual (to ensure stability and safety) revealed that it may be successfully used for some medical conditions involving degenerative muscle wasting diseases/weak lower limb muscles or reduced coordination of human motor control.
CONCLUSIONS AND FUTURE WORK
An inherent safe lower body pneumatically powered exoskeleton was presented and the system effectiveness presented. This is currently being assessed when acting as a power assistive device for rehabilitation, prosthetics and training with different task-specific therapy based approach aimed to guide or assist the human gait. This is achieved either by augmenting, constraining or even stopping the users movement, and may be successfully used for some medical conditions as rehabilitation of stroke, traumatic brain/spinal cord/sport injured patients that suffering from degenerative muscle wasting diseases/weak lower limb muscles.
In fact, the 'soft' pMAs actuator that macroscopically has many characteristics similar to natural muscle, while still retaining beneficial attributes may provide a valuable insight into this "biological implementation" and development of new range of powered assistive devices.
Future work will investigate the use of this structure in active and passive power assistive modes. Key developments will include: Enhanced power outputs from the actuators to equal the power of human leg muscles; integration into a full body support kit based around a treadmill walker; continue testing and validation with 
